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Laboratory investigations were carried out to evaluate the feasibility of acidogenic 
pretreatment of wastewater containing 2-nitroaniline and copper. The experiments 
were conducted using the Anaerobic Toxicity Assay (ATA) Test, Anaerobic 
Sequencing Batch Reactor (anSBR), and Aerobic Inhibition Test.  
 
From the experimental results, it was found that acidogenic biotreatment process could 
remove 2-nitroaniline effectively. Removal efficiency was around 95% when the 
concentration of 2-nitroaniline was 12.5 mg/L. This suggested that the acidogenic 
phase could remove 2-nitroaniline effectively at least in the short term. At 12.5 mg/L 
2-nitroaniline, biogas production was found to be higher than that of the control. This 
indicated the possibility of stimulatory effects by 2-nitroaniline on the acidogenic 
process at low concentrations. 
 
The inhibition potentials of the influent and effluent at varying feed concentrations of 
2-nitraoniline were determined by the oxygen consumption rate measured in 
accordance with International Standards Organisation method ISO 8192-1986-E. There 
was a significant reduction in inhibition of the effluent compared to that of the influent. 
This reduction in inhibition is presumed due to the conversion of the potentially 
inhibitory organics in the wastewater into less inhibitory or non-inhibitory by-
products. 
 
Metabolites were identified as 2-methylbenzimidazole and o-phenylenediamine using 
gas chromatography mass spectrometry and quantified by high performance liquid 
 vi
chromatography. Around 80% of the 2-nitroaniline was recovered as metabolites and 
other end products. 2-nitroaniline was transformed to its corresponding amine and then 
further transformed to 2-methylbenzimidazole under acidogenic conditions. The 
identification of o-phenylenediamine and 2-methylbenzimidazole was confirmed by 
comparing their mass spectral fragmentation patterns against standards. 
 
 
The effect of copper on the acidogenic process was studied using the Anaerobic 
Toxicity Assay (ATA) Test and an Anaerobic Sequencing Batch Reactor (anSBR). 
Copper inhibition on bacterial activity was estimated by considering volatile fatty 
acids (VFAs) production. Propanoic acid was most severely affected followed by 
pentanoic acid, butanoic acid and ethanoic acid with increasing concentrations of 
copper. The removal of 2-nitroaniline was observed to be around 90 % and 78 % when 
the copper concentrations were 0 mg/L and 25 mg/L respectively with 2-nitroaniline 
acclimated biomass in the anSBR track runs.  The acidogenic process could, therefore, 
be an attractive alternative for upgrading present aerobic treatment processes which are 
not effective at removing nitroaromatic compounds such as nitrobenzenes, 
nitroanilines and nitrophenols from industrial wastewaters. These compounds could be 
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Wastewaters generated from industrial activities such as textile dyeing, oil refining, 
petrochemical processes, electroplating and semi-conductor, and pharmaceuticals 
manufacturing may contain heavy metals such as copper and persistent organic 
compounds such as 2-nitroaniline. These wastewaters when discharged into 
waterbodies can create severe water pollution problems resulting in human health 
hazards. 
 
The anaerobic biotreatment process is widely used for treating strong industrial 
wastewaters. However, anaerobic degradation of some persistent organics generally 
requires a long period due to their inhibitory and recalcitrant nature (Razo-Flores et al., 
1999). In an anaerobic reactor, different groups of microorganisms (acidogens, 
methnogens, etc.) work together to degrade organic matter. Acidogens have been 
found to be more resistant to potentially inhibitory substances than methanogens (Lin, 
1993). Therefore, use of the first phase of the anaerobic process, the acidogenic stage, 
as a pretreatment process to partially convert persistent organic compounds into readily 
biodegradable substances which could be efficiently removed by the subsequent 
aerobic biotreatment process could be a viable treatment approach (Aziz et al., 1994; 





Nitroaromatic compounds are priority pollutants which are found in wastewaters 
originating from industries such as textile dying, pesticides, explosives and 
pharmaceuticals manufacturing (Gurevich et al., 1993). Anaerobic biotreatment of 
nitroaromatics has only been marginally successful due to incomplete metabolism and 
production of unidentified intermediates. Prediction of the fate of these compounds in 
the environment and the development of effective biotreatment systems is hindered by 
the lack of information regarding some fundamental aspects such as detoxification 
mechanism, identification and quantification of metabolites, and end-products 
(Gorontzy et al., 1993). The first part of this study investigated the detoxification of a 
wastewater containing 2-nitroaniline, and identifying and quantifying the metabolites. 
 
Some inhibitory substances such as heavy metals are stimulatory at lower 
concentrations. When present at higher concentrations, they can have inhibitory effects 
resulting in an impairment of bacterial activities (Speece, 1996) and at still higher 
concentrations, toxic effects leading to process failure (Bhattacharya et al., 1996). 
While studies have been carried out to investigate the possible inhibitory effects of 
persistent organic compounds and heavy metals on the methanogenic phase and 
anaerobic process (Jin et al., 1996), little has been reported on the acidogenic phase in 
relation to effect of persistent organic compounds and heavy metals. The second part 
of this study was, therefore, carried out to investigate the possible inhibitory effects of 








1.2  Objectives of the study 
 
The main objective of this study is to investigate the feasibility of acidogenic           
pre-treatment of wastewaters containing 2-nitroaniline and copper.  
 
The following are the sub-objectives of this study: 
 
1. To study the feasibility of treating wastewater containing 2-nitroaniline using 
the acidogenic process.  
 
2. To examine the biodegradation pathway of 2-nitroaniline in the acidogenic 
process identifying and quantifying the metabolites.   
 
3. To study the inhibitory effect of copper on acidogenic biotreatment of a 













1.3   Scope of the Study  
 
The following is the scope of the study:  
 
1. Monitoring of the variation of the following parameters under varying 
concentrations of 2-nitroaniline and copper to determine process performance. 
• production of VFAs (ethanoic, butanoic, propanoic and pentanoic acids) 
• generation of gases (methane, carbon dioxide and nitrogen) 
• pH 
• dissolved COD 
• MLSS and MLVSS 
 
2. Conducting track runs to evaluate the performance profile of the anSBR during 
a cycle. 
 
3. Determination of EC50 values of 2-nitroaniline and copper in aerobic system to 
assess inhibitory effects. 
 
4. Microscopic observations of microbial populations under varying 




1.4  Experimental Protocol 
 

























Figure  1.1   Schematic diagram of the study sequences 
Biotreatment of wastewater containing 2-nitroaniline 
ISO Inhibition Test (aerobic) for 2-nitroaniline 
Biodegradation pathway for 
acidogenic pretreatment of  
2-nitroaniline  
Anaerobic Toxicity Assay Test 
(2-nitroaniline and copper) 
Biotreatment of wastewater containing  
2-nitroaniline and copper 
Acclimation and track runs with shock loads of 2-nitroaniline and copper in 
 Anaerobic Sequencing Batch Reactor 
Anaerobic Toxicity Assay Test (2-nitroaniline) 
Inhibition on acidogenisis by 2-nitroaniline 
Inhibitory effect of copper on 






2.1 Fundamentals of Anaerobic Wastewater Treatment  
 
Anaerobic biotreatment process is widely used for treating organic wastewaters 
(Stronach et al., 1986). Principally, in this process, the organic matter is converted to 
methane (CH4) and carbon dioxide (CO2). Methane is a useful end-product since it is 
an energy source. Therefore, this process has become increasingly popular for treating 
both municipal sludges and industrial wastewaters. Anaerobic biotreatment has 
significant advantages compared to the aerobic process. These include lower excess 
sludge production, lower nutrients requirement, ability to accommodate high organic 
loadings, and generation of useful end-products such as methane. However, there are 
disadvantages such as low microbial growth rate, odour production and high buffer 
requirement for pH control (Rittman and McCarty, 2000).  
 
Industries that are currently served with full-scale anaerobic treatment facilities include 
breweries and distilleries, chemical manufacturing, dairy product processing, textile 
manufacturing, food processing, fish processing and pharmaceuticals manufacturing 
(Rajeshwari et al., 2000). Wastewaters generated from these industries contain highly 
persistent organic compounds such as nitroaromatic compounds and heavy metals such 





2.1.1 Phases of anaerobic biotreatment process 
 
Anaerobic bioconversion of the organic matter present in wastewaters generally occurs 
in three steps. The first step involves the enzyme-mediated transformation (hydrolysis) 
of organic matter of higher molecular mass into simple compounds suitable for use as 
a carbon and energy source. The second step (acidogenesis) involves bacterial 
conversion of the organic compounds resulting from the first step into identifiable 
lower molecular-mass intermediate compounds-mainly ethanoic acid, propanoic acid, 
and other volatile fatty acids. Lastly, the third step (methanogenesis) involves the 
bacterial conversion of the intermediate compounds into simpler end-products 
principally methane and carbon dioxide (Malina et al, 1992; Sawyer et al., 1994).  
 
In an anaerobic reactor, different groups of microorganisms work together to degrade 
the organic matter. One group is responsible for hydrolysing organic polymers and 
lipids to basic structural building blocks such as monosaccharides, amino acids, and 
related compounds. Another group ferments these products to simpler organic acids. 
This group consists of both facultative and obligate anaerobic microorganisms. These 
microorganisms are often identified as acidogens or acid formers.  
 
The third group of microorganisms converts the hydrogen and acetic acid formed by 
the acidogens to methane and carbon dioxide. The microorganisms responsible for this 
bioconversion are strict anaerobes and are known as methanogens or methane formers.  
 
Among the three groups, the most important is the methanogens which utilize 
hydrogen and acetic acid.  Hydrogen (H2) reacts as an electron donor and carbon 
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dioxide (CO2) reacts as electron acceptor to form methane. Figure 2.1 shows the flow 






Organic acids + 
H2  
CH4 + CO2 
 
Hydrolysis  Acidogenesis Methanogenesis 
 
Figure  2.1   Three phases of the anaerobic biotreatment process (Rittman and  
                     McCarty, 2000) 
 
Temperature is one of the most important factors that can affect anaerobic performance 
(Leighton et al., 1997). Growth rates generally roughly double for each 10°C rise in 
temperature within the usual operational range from 10°C to 35°C. The mesophilic 
range (25°C - 40°C) is most often used because thermophilic anaerobic reactions need 
greater energy thus resulting in a higher operating cost. The optimum temperature for 
the anaerobic system is usually around 35°C (Rittman and McCarty, 2000). A buffer 
solution is added to control the reactor pH. System performance is checked regularly 
by measuring pH and organic acids concentration. Acidogenesis occurs best at around 
pH  5 to 6 while methanogenesis does so at pH  6.6-7.6.  
 
In addition to the fundamental requirements such as carbon, nutrients (nitrogen, 
phosphorus and trace elements) are required for microbial growth. Municipal 
wastewaters and sludges could comply with these requirements. However industrial 
wastewaters may not contain adequate nutrients to facilitate microbial growth. As a 
result it may be necessary to add supplemental nutrients to support biotreatment. 
Generally, a BOD5: N: P ratio of 100:5:1 is required in the feed composition to sustain 




2.1.2 Substrate flow in anaerobic system 
Figure 2.2 shows the flow diagram illustrating the mechanism of anaerobic 
biotreatment system. Various components in this carbohydrate-fed anaerobic 
biotreatment system is given in Table 2.1. This explains flow of intermediate 
molecules in an anaerobic biotreatment system that starts with carbohydrate, forms 
intermediate organic acids and hydrogen and ultimately generates methane and carbon 























































Table 2.1   Components in a carbohydrate-fed anaerobic biotreatment system  
 
Component Description
SC Readily degradable carbohydrate
SS Slowly degradable complex organic
SI Inert organic compounds (nonbiodegradable) 






SM Dissolved methane 
SC02 Total dissolved carbonate as CO2
XF Heterotrophic-hydrolytic organisms
XL Lactic acid acidogenic organisms
XB Butanoic acid acetogenic organisms
XP Propanoic acid acetogenic organisms
XA Acetoclastic methanogenic organisms
XH Hydrogenotropic methanogenic organisms   
Xs Biodegradable component of lysed biomass 
XI Inert component of lysed biomass
 
 
2.2  Inhibitory Substances 
 
Inhibitory substances affect the anaerobic biotreatment process which leads to system 
failure (Battarcharya et al., 1996). Anaerobic microbial growth rate becomes lower and 
recovery time increases due to the reduced microbial growth rate. The effects of 
inhibitory substances on an anaerobic system are dependent on their concentrations. 
Studies have indicated that low concentrations of inhibitory substances may have no 
adverse impact on bacterial activity (Yu et el., 2001a) although there may be inhibitory 
effects at higher concentrations. Figure 2.3 shows the typical effect of an inhibitory 
substance on the reaction rate in biotreatment (Ritmann and McCarty, 2000). 
 


































Figure  2.3   Typical effect of an inhibitory compound on biotreatment   
processes (Ritmann and McCarty, 2000) 
 
Studies have shown that inhibitory effects can be controlled or minimized by (i) 
removing inhibitory substances from the waste streams; (ii) diluting the wastewater 
thereby reducing their concentration below the threshold values; (iii) forming 
insoluble, complex and precipitating inhibitory substances; (iv) transforming the 
inhibitory substances to less inhibitory forms and  (v) adding materials that are 
antagonistic to inhibitory substances. Inhibitory substances such as heavy metals, 
persistent organic compounds, sulphides and ammonia compounds may cause system 
failure when present at higher concentrations (Piringer et al., 1999).   
 
The magnitude of inhibition caused by inhibitory substances may often be reduced 
significantly if the concentration is increased slowly. This phenomenon of acclimation 
represents an adjustment of the microbial population to the adverse effects of the 
introduced inhibitory substances in contrast to mutations and other genetic 




2.3  Persistent Organic Compounds 
 
Compounds resistant to biodegradation are commonly referred to as recalcitrant. 
Recalcitrance is the inherent resistance of a chemical to undergo any degree of 
biotransformation and biodegradation. Since it is difficult to investigate recalcitrance 
of these compounds under different conditions, persistence is defined as the resistance 
of a chemical to undergo biodegradation under a specific set of conditions. These 
compounds are chemical substances that persist in different environmental media, 
bioaccumulate through the food chain, and create possible adverse effects to human 
health (Razo-Flores et al., 1999). The persistent nature could occur due to the 
molecular structure of compounds being treated and environmental conditions such as 
inaccessibility of compounds being treated, lack of growth requirements, toxic 
environment, enzyme inactivation and unavailability of specific microorganisms 
(Ritmann and McCarthy, 2001).  
 
2.4   Nitroaromatic Compounds 
Nitroaromatic compounds are anthropogenic and may be released into the environment 
in large quantities as they are widely used for manufacturing pesticides, explosives, 
dyes, pharmaceuticals and plastics (HaghighiPodeh and Bhattacharya, 1996). They are 
important for industrial manufacturing purposes due to versatile chemistry of the nitro 
group. 97% of nitrobenzene produced worldwide is used for aniline production, which 
increased 50% between 1988 and 1998 to 1.5 billion pounds (Spain et al., 2000). The 
presence of nitroaromatic compounds such as nitrobenzene, nitroaniline and 
nitrophenol in industrial effluents is inhibitory to several anaerobic biodegradative 
reactions which may result in treatment process failure (Karim et al., 2001).  
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2.4.1   Inhibitory characteristics of nitroaromatic compounds 
 
With today’s increased interest in biological treatment of industrial wastewaters,  
research on the impacts of potentially inhibitory compounds on biotreatment is 
becoming critically important. Pollution control authorities are faced with many 
challenging unknowns concerning the treatability of a wide range of inhibitory 
substances. Nitroaromatic compounds are among the most potentially inhibitory 
common organic compounds (Bhattacharya et al., 1995; HaghighiPodeh et al., 1995) . 
Therefore, more quantitative information about their behavior in biotreatment systems 
is needed. Table 2.2 shows the molecular weight and IC50 (50% inhibiting 
concentrations) values of some aromatic compounds to methanogenic activity  (Roze-





























Table 2.2   Molecular weight and IC50 values of some aromatics to  
      methanogenic activity (Roze-Flores et al., 1997). 
 
 
Compound Molecular weight 
(g/mol) 
IC50 (mM) 
Benzene 78 20.5 
Aniline 93 9.67 
Nitrobenzene 123 0.081 
2-Nitroaniline 138 0.014 
3-Nitroaniline 138 0.03 
2-Phenylenediamine 108 18.92 
3-Phenylenediamine 108 65.7 
Phenol 94 13.83 
2-Aminophenol 109 3.21 
3-Aminophenol 109 18.81 
4-Aminophenol 109 14.22 
2,4- Diaminophenol 124 0.283 
2-Nitrophenol 139 0.089 
3-Nitrophenol 139 0.115 
4-Nitrophenol 139 0.061 
 
2.5   2-Nitroaniline 
2-nitroaniline may be released to the environment through the wastewater effluents 
generated at sites of its commercial production or where it is used as a chemical 
intermediate in the synthesis of dyes and pigments. It may also occur as a microbial 
decomposition product of dinitrobenzene. Occupational exposure may occur primarily 
through dermal contact at sites of 2-nitroaniline commercial production and use. This 
substance is harmful to aquatic organisms and hence appropriate regulatory actions 
have been imposed to control this chemical from entering the environment (IPCS 
2001). Nitroanilines are found to be highly toxic to biotreatment systems (Razo-Flores 
et al., 1997). The toxicity of these compounds and their recalcitrant nature may create 
 14
Chapter 2 
problems for effective biotreatment of wastewaters (Razo-Flores et al., 1999). The 
methonogenic toxicity of N-substituted aromatics is found to be the most evident for 
nitroanilines. The nitroanilines have the highest dipole moment among nitroaromatic 
compounds tested (Razo-Flores et al, 1997). The physical and chemical properties of 
2-nitroaniline are shown in Table 2.3. 
 
Table 2.3   Physical and chemical properties of 2-nitroaniline (NIST 2001) 
Chemical abstract 
 number (CAS #)  88744  
 2-Nitroaniline 
 Benzenamine, 2-Nitro Synonyms 
 o-Nitroaniline 
Analytical method  Reverse Phase HPLC and EPA METHOD 8270C by GCMS  







 Chemical intermediate for  Pigment Yellow 5, Orange 2, 
Yellow 7, Vat Red 15, Vat Orange 7, Pigment Orange 43, Vat 
Red 14 and  Disperse Yellow 10.  
 Synthesis of photographic antifogging agents and ortho-
phenylenediamine.  
Consumption patterns  Essentially 100% for dye manufacture  
Apparent color  Yellow-orange crystals from boiling water ; plates or needles ; orange solid  
Odor  Musty  
Boiling point  284 °C  
Melting point  69-71 °C 
Molecular weight  138.14  
Relative density  1.4 (water = 1)  
Solubility in water 








2.6   Biotreatment of Nitroaromatic Compounds under Anaerobic Conditions 
 
In biotreatment processes, nitro groups of compounds can be transformed to either 
nitroso derivatives, hydroxylamines or amines by the successive addition of electron 
pairs donated by co-substrate. Figure 2.5 shows the reduction pathway of nitrobenzene 
to aniline under anaerobic conditions. The reduction of the nitro groups to less toxic 
amino substitutes ensures the detoxification of the influent. Aniline, the simplest 
aromatic amine has consistently been found to be recalcitrant to the methanogenic 
consortia. But in certain operating conditions, anaerobic microorganisms could 










Figure 2.4  Reduction pathway of nitrobenzene to aniline under anaerobic conditions 
       (Spain, 1995) 
 
The electrophilic nature of the nitro groups makes them prone to reductive attack, even 
under oxidative conditions (Spain, 1995). The complete reduction of a single nitro 
group involves a six electron transfer resulting in the formation of an amino group. 
This reduction pathway proceeds sequentially via the potentially stable two-electron 
and four-electron transfer intermediates of nitroso and hydroxylamino groups, 
respectively. Hydroxylamino intermediates can also undergo reactions with nitroso 
intermediates to form highly toxic azoxy compounds (Corbett et al., 1995). This 
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evidence suggests that the goal of any anaerobic biotreatment of nitroaromatic 
compounds should be products beyond hydroxylamino intermediates. The reduction 
pathway does not preclude odd numbered electron transfers that lead to the formation 
of highly unstable anion radicals that are rarely observed in natural systems.  
 
Co-substrates can play a key role in the metabolism of nitroaromatic compounds. 
Studies showed that higher sucrose concentrations would enhance the degradation of 
nitrobenzene (Aziz et al., 1994). The growth rate of microorganisms is generally 
governed by the availability of easily biodecomposable metabolites in the anaerobic 
system. In multi-substrate systems, easily metabolised organic materials play an 
important role in the metabolism of persistent organic materials. 
 
Some research conducted in anaerobic biotreatment system has failed to achieve the 
complete reduction of polynitroaromatic compounds such as trinitro toluene (Spain et 
al., 2000). The reason for incomplete reduction of these compounds is not clear as to 
whether they are due to the electron carrier system or is a function of the type and 
concentration of electron carrier available. The addition of supplemental electron 
carriers has yielded better rates and extents of nitro group reduction. Additional studies 
to determine the effects of iron limitation (resulting in varying levels and types of 
natural electron carriers) on the degree of reduction, as well as the reoxidizability of 
reduced carrier at different stages in the reduction pathway are needed to attain better 
control of the reduction pathway.  
 
Detoxification, transformation and mineralization of nitroaromatic compounds under 
anaerobic biotreatment systems has been found successful in several previous studies 
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(Gurevich et al., 1993; Gorontzy et al., 1993.; Donlon et al., 1996.; Peres et al., 1998.; 
Uberoi and Bhattacharya, 1997.; Razo-Flores et al., 1997). Nitroaromatics with strong 
electron withdrawing capacity are highly inhibitory to methanogenic bacteria. 
Nitroaromatics can be reductively detoxified in acidogenic consortia to their respective 
aromatic amines, which are several orders of magnitude less toxic. The toxicity of the 
mono-substituted benzenes was observed in the following order: COOH<NH2<NO2 
(Razo-Flores et al., 1997). Anaerobic biodegradation of nitroaromatic compounds (5-
nitrosalicylate (5NSA), 4-nitrobenzoate (4NBc), and 2-4-dinitrotoluene and 
nitrobenzene) in anaerobic sludge blanket process was found to be successful with a 
mixture of volatile fatty acids and/or glucose as electron donors. All the aromatics 
were transformed stoichiometrically to their corresponding aromaic amines (Razo-
Flores et al., 1999). Nitrophenols, p-nitroaniline, and p-nitrobenzoic acid can be 
completely transformed biochemically into corresponding amino derivatives under 
anaerobic conditions (Oren et al., 1991).   
 
Some studies using GCMS analyses demonstrated that under anaerobic conditions, 
acetanilide and 2-methylquinoline are formed from aniline; 4-methylformanilide and 
4-methylacetanilide from 4-toluidine; and 2-methylbenzidazole and 2-nitroacetanilide 
from 2-nitroaniline. The formation and accumulation of some of these products from 
widely used nitroaromatic compounds are the causes for potential concern because 
some aminonitro compounds are reported to be carcinogenic (Hallas et al., 1983). The 
results of these studies conclusively prove that under anaerobic conditions, 
nitroaromatics are converted into the corresponding amino compounds. In most of the 
cases no degradation of amino-substituted aromatics has been observed with the 
anaerobic microorganisms (Gorontzy et al., 1993). 
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2.6.1   Feasibility of acidogenic pretreatment of wastewaters  
 
Anaerobic degradation of persistent organics generally require a long period due to 
their toxicity and recalcitrant nature (Razo-Flores et al., 1999). Acidogens are 
generally considered to be more resistant to inhibitory compounds (Lin, 1993). 
Therefore, use of the first phase of the anaerobic process - the acidogenic stage as a 
pre-treatment process to partially convert persistent organic compounds into more 
readily biodegradable substances which could be completely removed by aerobic 
biotreatment process is a possible approach (Aziz et al., 1994; Ng et al., 1999).   
 
A single-stage anaerobic bioreactor is susceptible to upsets by the rapid increase in 
volatile fatty acids and consequent decrease in pH of the bulk solution, subsequently 
inhibiting the methanogenic step leading to overall process failure. Operational and 
environmental parameters like HRT and temperature respectively along with other 
factors such as the feed composition affect VFAs production. Two-phase anaerobic 
processes can also be used as an alternative to eliminate such common operational 











2.6.2 Significance of acidogenic conditions in the reduction of nitroaromatic 
compounds 
 
The nitroaromatic compounds were observed to be degraded rapidly and effectively in 
growing cultures of fermentative acidogenic bacteria  (Ederer et al., 1997). Such 
microorganisms usually dissipate excess reducing capability by employing one or 
more of three reaction pathways. These three pathways are explained in Spain et al. 
(2000). The first of these dissipation pathways during acidogenic fermentation is the 
reduction of protons via the ferredoxin/hydrogenesis system to liberate hydrogen gas. 
Under acidogenic conditions, the generation of molecular hydrogen serves as the only 
means of maintaining the redox balance offset by the production of a large quantity of 
partially oxidized fermentation products. The second pathway is common to all butyric 
acid degrading organisms. In this pathway, butyryl-CoA is generated from acetyl-CoA 
via several NADH-dependent reactions (Spain et al., 2000). Butyric acid clostridia can 
utilize the first two pathways simultaneously as indicated by the fact that high levels of 
hydrogenase activity can be maintained under acidogenic conditions (Andreesen et al., 
1983). The third pathway is present in species that can reduce enzymes capable of 
producing solvents (solventogenesis), thereby moving organisms away from 
acidogenic metabolism. Reactions for both acidogenesis (acetate and butyrate 
products) and solvengenesis (acetone, butanol and ethanol products) pathways are 
shown in Figure 2.6 (Spain et al., 2000). The metabolism of acidogenensis is ideally 
suited for studies on the role of the different pathways responsible for dissipation of 
reducing power, because this species is capable of utilizing any one of above 
pathways. 





Figure 2.5   Significant pathways in acidogenic conditions related to the  
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2.6.3 Effects of other substitutes in aromatic ring in reduction of nitroaromatic   
compounds   
 
Batch nitro-reduction experiments indicated that the position of the nitro group in 
relation to the other substituents in the aromatic ring played a key role in the rate of  
nitro-group reduction. When comparing the reduction rate of nitroaromatics using the 
VFA mixture it revealed that the nitro-group reduction in the ortho position proceeded 
2 to 4 times faster with respect to the meta- and para- positions respectively.  
Biochemically mediated reduction mainly occurs at the ortho- rather than at the para- 
position in the case of nitroanilines and nitrophenols (Razo-Flores et al., 1999). On the 
other hand, the rate of nitro-reduction increases as more nitro groups are placed on the 

















2.7  Heavy Metals  
 
2.7.1   Sources 
 
Heavy metals found in wastewater streams originate from either natural or artificial 
sources. The main source of heavy metals in wastewaters is the manufacturing 
industries (Beyenal et al., 1997). These metals are primarily used in the plating 
industry as alloy metals. Smaller amounts of metals are derived from the chrome-
tanning and wood-impregnation industries. When these heavy metals are present in  
wastewaters, biotreatment systems may be subjected to continuous loadings of large 
concentrations of metals. Table 2.4 shows some typical metal concentrations in raw 
sewage (Cali, 1995). Table 2.5 describes the regulatory measures introduced by the 
United States Environmental Protection Agency (US-EPA, 2000) for effluent 
standards.  
   
Table 2.4   Typical metals concentration in raw sewage  




Cadmium 0-0.065 <0.05 
Chromium 0-7.9 <0.05 
Copper 0-4.7 <0.05 
Lead 0-1.2 <0.30 
Mercury 0-0.212 <0.01 
Nickel 0-4.5 <0.30 








   Table 2.5   Limitation of metal concentration in the effluent for  









Cadmium 0.14 0.09 
Chromium 0.25 0.14 
Copper 0.55 0.28 
Total cyanide 0.21 0.13 
Lead 0.04 0.03 
Manganese 0.13 0.09 
Molybdenum 0.79 0.49 
Nickel 0.50 0.31 
Silver 0.22 0.09 
Zinc 0.38 0.22 
Tin 1.4 0.67 
 
 
2.7.2   Copper 
Copper occurs naturally in a wide range of mineral deposits. It is used in making 
textiles, marine paints, electrical conductors and wires, plumbing fixtures and pipes, as 
well as coins and cooking utensils. Copper occurs naturally in fruits and vegetables 
too. Both humans and animals need some copper in their diet. In humans, it helps in 
the production of blood hemoglobin. Copper is released in large amounts from the 
industries and has been shown to cause several failures in wastewater treatment plants 
(Cabrero et al., 1997). Concentrations of copper in wastewater from industrial 
processes can be high, i.e. 20 mg/L to 120 mg/L (Jin et al., 1998). Smaller amounts of 
copper originate from copper tubes used as water pipes in sanitary installations. 




The drinking water standard for copper has been set at 1.3 ppm because this 
concentration would not cause any potential health problem. From 1987 to 1993, 
according to the Toxics Release Inventory of the US-EPA, copper compounds released 
to land and water totalled around 200 metric tonnes, of which nearly all was to land. 
These releases were primarily from copper smelting industries (EPA, 1995). 
Approximately 55% of the 604 water samples analyzed by the US-EPA (1975) 
contained measurable levels of copper. The mean of these samples was 60 µg/L. 
Significant variations may occur depending on some water quality parameters such as 
hardness, pH, types of pipes and taps.  
 
Since copper in aquatic environment is likely to be more mobile under acidic than 
alkaline conditions, the relation of pH to copper in the environment has been of great 
concern. Alkaline conditions in aquatic environments favour precipitation of copper. 
Acid conditions promote solubility of copper, increase the concentration of ionic 
copper, and thereby affect the microorganisms and other aquatic populations, 
depending on tolerance for various levels of copper in solution. 
 
Precipitation is the preferred treatment process for removing toxic heavy metals from 
wastewaters. Precipitation processes include hydroxide, lime and/or sulfide treatment 
(Rittman and McCarthy, 2001). Adsorption has also shown potential for treating and 
polishing aqueous metal bearing wastes. Activated carbon, activated alumina, and iron 
filings are all applicable adsorbents. Evaporation, ion exchange, reverse osmosis, 
electrodialysis, and electrolytic recovery are waste reduction and recovery techniques 
applicable to metal bearing waste streams. Copper containing wastewater can be 
concentrated through the use of ion exchange, reverse osmosis, or evaporators to the 
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point where copper can be electrolytically removed and sent to a reclaiming firm (Jin 
et al., 1998).  
 
2.8   Effects of Heavy Metals on Microorganisms 
 
The inhibitory characteristics of heavy metals to biotreatment systems depends upon 
their various chemical forms which the metals may assume at the specific temperature 
and pH in the reactor. If a metal is partially or totally removed from a solution by 
precipitation or binding, a decrease or complete disappearance of inhibition may result. 
Inorganic precipitation of heavy metals also contributes as an important toxicity-
reducing factor for biotreatment systems. At low redox potentials in a bioreactor, 
microbial conversion of sulfate to sulfide results in the formation of extremely 
insoluble metal sulfides as long as the metal concentrations are below the total sulfide 
level (Rittman and McCarty, 2001).        
 
The effects of heavy metals on the metabolism of microorganisms have been shown to 
be concentration dependent. Very low metal concentration may be stimulatory or even 
required for growth. For instance, copper, zinc, nickel, and iron may act as components 
or activators of enzymes in the microorganisms. Normally, heavy metals present in the 
wastewater are regarded as inhibitory to the bacteria involved in the biotreatment 
processes.  Even low concentrations of heavy metals may cause inhibition of bacterial 
metabolism (Hickey et al., 1989).  
 
Uptake of heavy metals by microorganisms has been shown to occur in mainly two 
ways, namely (i) non specific heavy metal binding to the cell surfaces, slime layers, 
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extracellular matrices, or (ii) metabolically dependent intracellular uptake. Several 
factors influence the microbial removal of heavy metals from aqueous solutions, such 
as specific surface properties of the microorganisms, the cell metabolism, and the 
physico-chemical parameters of the environment. The mechanism of metal uptake is 
mediated by a cell bound metal phosphate which liberates inorganics from organic 
phosphate to precipitate the heavy metals as cell-bound metal phosphate. Studies have 
shown that in most of the organisms studied, the amount of metals bound by the cell 
surfaces is relatively small compared to the amounts that can be taken up 
intracellularly by energy-requirering processes (Wise,  1996). 
 
The effects of heavy metals on microorganisms are primarily due to the inactivation of 
enzymes through reactions with, for instance, sulfhydryl groups (Yu et al., 2001a). The 
binding of metals to organic compounds depends upon the nature of the organic 
compounds and the nature of metals.  The response of a microorganism to heavy metal 
is influenced by numerous biotic and abiotic reactions. The biotic factors of 
importance include the physiological state of the microorganisms in question 
(nutritional level, acclimation/adaptation to the toxic substances, and genetic 
adaptations such as plasmid-conferred resistance) while the abiotic factors include the 
physiochemical characteristics of the environment such as precipitation and 
complexation of the metals, temperature, pH, and redox potential (Wise, 1996).         
 
Study of temperature changes on microbiological activity is important in reactor design 
for various environmental conditions (Ram et al., 2000). General observation is that an 
increase in temperature results in increased inhibition. But in some cases, inhibitory 
effects were reduced with the rise of temperature. This is presumed to be due to 
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methanogenic activity which is highly sensitive to low temperatures and presence of 
metals further increases the stress and decreases in microbial activity. Fe+2 stimulates 
biogas production (concentration = 5 mM) and methane content at 37º C, but it is 
marginally inhibitory at low temperatures (less than 20º C). The inhibitory effects of 
Ni +2 (concentration = 5 mM) and Co+2 (concentration = 5 mM) towards methane 
production increase with decreasing temperature (Ram et al., 2000). Inhibitory effects 
of heavy metals on mesophilic conditions have been found to be less than that of the 
thermophilic conditions (Leighton at al., 1995). Critical concentrations for zinc and 
copper are lower for the mesophilic conditions than for the thermophilic conditions.  
 
2.9   Effect of Heavy Metals on Acidogenic Biotreatment  
 
During the first stage of anaerobic treatment, the substrate is broken down by bacteria 
and volatile fatty acids (VFAs) are formed. Thus, inhibition due to heavy metals can be 
quantified through investigating the VFAs production. Understanding the effects of 
heavy metals on the production of volatile fatty acids (VFAs) permits the successful 
control of the anaerobic treatment process for wastewaters containing heavy metals 
(Yenigun et al., 1995). Although heavy metal inhibition to the conventional anaerobic 
treatment process has been reported, little consideration has been given to the 
acidogenic process (Yu et al., 2001a).  
 
2.9.1   Activity factor 
 
An activity factor (Lin, 1992) had been used to indicate the extent of inhibition of 
VFAs production. The VFAs production activity (Av) is defined as the fraction of 
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VFAs production for metal dosed and control. The question whether, or to what extent, 
the VFA-producing acidogens are inhibited by heavy metals can be studied by 
observing the production of individual VFAs.  
 
2.10  Need for Research  
 
Biotreatment processes based on anaerobic fermentations require additional research 
for better understanding of the fate of the nitroaromatic compounds, better 
predictability of process performance under inhibitory conditions, and better control of 
completing reactions. Additional research works may vary from the fundamental 
studies to more applied engineering considerations (e.g., process selection).  
 
The process selection for the biodegradation of nitroaromatic compounds by anaerobic 
microorganisms such as acidogens must take into account for the proper operation of 
the process. The incorporation of an aerobic stage after the acidogenic phase is another 
line of investigation that should be pursued. Aerobic cultures catalyze the ring 
cleavage of amino compounds formed from the nitro group reduction.  
 
Although some studies revealed heavy metal inhibition on biotreatment of wastewater, 
there is a need for better understanding of controlling heavy metal inhibition and their 
behaviour in acidogenesis. There is therefore, a necessity to carry out experiments on 
identifying which microorganisms which are most sensitive to heavy metals for better 
process selection. Electron microscopic observations can reveal heavy metal 
distribution in biotreatment systems (i.e. extracellular and intracellular metals). 
Furthermore, the effect of sulphates and their subsequent removal by metal sulphides 
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in acidogenic system is not thoroughly investigated.  
 
2.10.1   Biotransformation studies 
 
Biotransformation studies with nitroaromatic compounds have mostly based on the 
reverse phase high performace liquid chromotoraphy (RP-HPLC) separations followed 
by ultraviolet (UV) spectral analysis to separate and identify the anticipated amino 
reduction products. With the recent interest in identification of compounds in 
anaerobic systems, it is imperative that new methods, that are more suitable for 
unidentified compounds, be developed and used in analytical systems (e.g., Gas 
Chromatography followed by Mass Spectrometry  compound confirmation). In 
addition the hydroxylamino intermediates produced by anaerobes also require better 
analytical methods for quantification.  
 
Gas chromatography mass spectrometry (GCMS) is widely used to determine 
metabolic products and to identify pollutants. Several standard methods have been 
developed by regulatory authorities such as US-EPA for the identification of these 
compounds. Development of appropriate GCMS methods follows several procedures, 
such as column selection, temperature programming, extraction procedure, 
concentrating the samples, cleanup before injection and etc. The GCMS produces a 
mass chromatogram of a substance that acts like a fingerprint for a chemical substance. 
Appropriate analytical methods with identification and quantification can establish 
better material balances to determine the metabolic products of nitroaromatic 






MATERIALS AND METHODS 
 
 
3.1 Reactor Description 
 
 
Figure 3.1 and Plate 3.1 show the schematic diagram of the experimental set-up and 
laboratory-scale anSBR respectively. A 5.0 L conical flask was used as the anSBR. It 
was submerged in a water bath at 35°C.  For feeding, decanting and gas collection, 
three steel tubes were inserted through the rubber stopper and the edges sealed with 
glue. Peristaltic pumps were used for feeding and decanting. A sequencing logic timer 
was used to control the operation of the pumps and magnetic stirrer. Biogas collection 
was made through the downward displacement of a solution of five percent sulphuric 
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Plate 3 R 
 
3.1.1 Reactor operation 
 
Seed sludge for the acidogenic rea
Ulu Pandan Sewage Treatment W
using a laboratory sieve with an
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amount of the required concentra
reactor to ensure that the reactor 
begin with. The reactor was seale
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constant, the reactor was considere
weeks. Table 3.1 shows the reactor
 
 .1   Laboratory-scale anSBctor was collected from an anaerobic digester in the 
orks (UPSTW). The collected sludge was filtered 
 aperture of 600 µm prior to seeding.  Following 
ge was tested for MLSS and MLVSS. An excess 
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he reactor. To displace any trapped air, the reactor 
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 operating parameters and sequences. 
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Table  3.1  Reactor operating parameters and sequences 
anSBR - Operating Parameters 
Parameter Value 
Active volume 4.5 L 
Co-substrate Sucrose 
MLVSS (mg/L) 8000 
MLSS (mg/L) 8600 
F/M ratio (COD/biomass) 1.5 
SRT (d) 8-10 
HRT (d) 1 
Temperature (°C) 35±1 
PH 4.8 – 5.2 
anSBR - Operating Sequences 
Number of cycles (d-1) 4 
Fill (min) 10 
React (min) 280 
Settle (min) 60 
Decant (min) 10 
 
3.1.2 Acidogenic reactor feed 
 
Synthetic wastewater was used as feed for the anSBR in order to maintain uniformity 
of wastewater characteristics. A 10 L beaker contained the feed and was placed inside 
a styrofoam box surrounded by ice packs to keep the temperature low to reduce the 
rate of sucrose decomposition.  The feed was continuously mixed with a magnetic 
stirrer. The feed was prepared on every alternate day.    
 
The F/M ratio (COD/biomass) was maintained at 1.5. Sodium bicarbonate was added 
to the feed as a pH buffer. The inorganic nutrients were supplemented on the basis of 
BOD5:N:P ratio of 100:5:1. The feed composition of the wastewater is given in Table 
3.2. The compositions of inorganic nutrients and trace elements supplements are given 




Table  3.2  Composition of the synthetic wastewater  
Component Concentration 
Sucrose (g/L) 
Inorganic nutrients supplement (mL/L) 
Trace elements supplement (mL/L) 












Calcium chloride dihydrate 
Magnesium chloride hexahydrate 
Iron (III) chloride hexahydrate 
Ammonium chloride 
Dipotassium hydrogen phosphate(anhyd)  
Potassium dihydrogen phosphate 

















Table  3.4  Constituents of trace elements supplement 
Chemical Name Chemical composition Concentration (g/L) 
Manganese (II) chloride dihydrate 
Zinc chloride 
Sodium molybdate 
Cobalt (II) chloride hexahydrate 






















3.2 Anaerobic Toxicity Assay (ATA) Test 
 
The procedure was based on the batch ATA test described by Owen et al. (1979) and 
which was modified by Johnson and Young (1983).  
 
3.2.1 Experimental setup 
 
The ATA set-up as shown in Plate 3.2 has six similar units. Each unit comprised a            
150 mL serum bottle, 150 cm long and 3 mm internal diameter U-tube meter, 6 mL 
plastic syringe and magnetic stirrer. The serum bottles were submerged in a water bath 
maintained at 35°C. The U-tube was mounted on a piece of plywood board and 
partially filled with an acidified and coloured aqueous solution. Gas production was 
measured by slowly withdrawing it into a 6 ml plastic syringe until the pressure in the 
headspace of the serum bottle equalled atmospheric conditions.  
 
U-tubes 
    
 Heater 
 at  35°C
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  Magnetic 
stirrer 
 




3.2.2 Operating protocol 
 
Table 3.5 shows the concentrations of 2-nitroaniline (2-NA) used for the ATA Test. 
Concentrations of 2-nitroaniline and copper used for ATA Test are shown in Table 3.6. 
Cupric chloride was used to provide copper ions. 
 
Table 3.5   Concentrations of 2-nitroaniline used for ATA test  
                               
Serum bottle  Concentration of 
2-nitroaniline 
(mg/L) 
1                 0 (control) 









Table 3.6   Concentrations of 2-nitroaniline and Cu used for ATA Test  
 
Serum bottle Concentration  
 
1             2-NA = 100 mg/L, Cu = 0 mg/L (control) 
2             2-NA = 100 mg/L, Cu = 12.5 mg/L 
3             2-NA = 100 mg/L, Cu = 25 mg/L 
4             2-NA = 100 mg/L, Cu = 37.5 mg/L 
5             2-NA = 100 mg/L, Cu = 50 mg/L 







3.2.3  Experimental Procedure 
 
The six 150 ml serum bottles were acid washed and subsequently rinsed with tap water 
and finally with distilled water. A 75 ml of aliquot seed culture from the parent 
acidogenic reactor was transferred to each of the serum bottles. The bottles were then 
capped with flanged rubber stoppers, covered with aluminium caps and crimp sealed. 
25.ml of feed solution (synthetic wastewater), with varying concentrations of 
inhibitory substances was also transferred to the serum bottles using 25.ml syringes. 
The serum bottles were flushed with nitrogen to ensure anaerobic conditions. Each U-
tube was “zeroed” with a syringe before the test started. The serum bottles were 
incubated for 300 minutes. In the mean time, biogas production and composition was 
measured at regular intervals. At the end of the ATA test, samples were collected for 















3.3  Preparation and Analysis of Samples 
 


























Tests for pH, MLSS and MLVSS 
Centrifugation (9000 rpm for 10 mins) 
VFAs production analysis
Dissolved COD test 
HPLC analysis (quantification of  
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Filtration (0.2µm LC-13 
PVDF acrodisk) 




with CH2Cl2   
ISO - Inhibition Test 
(influent and effluent) 
Filtration  (0.45 µm GN-6 grid 
membrane filter) 
 








Parameters monitored are as follows: 
• biogas production  
• biogas composition (carbon dioxide, methane and nitrogen) 
• VFAs production 
• identification of metabolites  
• quantification of metabolites and end products 
• inhibition of influent(feed) and effluent (discharge after ATA test) 
 
Standard Methods (APHA 1999) were used in the laboratory analysis of parameters 
such as pH, MLSS, MLVSS, and dissolved COD. The samples were centrifuged at 
9,000 rpm for 10 minutes using the Kubota (Model 1920) centrifugal machine and 
filtered through a 0.45 µm GN-6 grid membrane filter to obtain the supernatant. The 
supernatant was used as test material for dissolved COD, VFA production, 
identification and quantification of metabolites.     
 
The biogas composition (CO2, CH4 and N2) was determined by gas chromatography 
(Shimadzu GC-17A equipped with TCD) on a Porapak Q80/100 mesh column. The 
column temperature was maintained at 60oC. The temperature for the detector and 
injection port was maintained at 120oC. Helium was used as the carrier gas.  
 
Analysis of VFAs was made by gas chromatography (Shimadzu GC-14B equipped 
with FID) on a 2 m × 3.175 mm Teflon 100/200 chromosorb WAW (acid washed) 
mesh column with 15% FFAP (free fatty acid phase) +1 % H3PO4. The column 
temperature was maintained at 135oC. The temperature for the detector and injection 
port was maintained at 200oC. Nitrogen was used as the carrier gas.  
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3.3.1  Identification of metabolites  
 
Identification of metabolites was made using EPA 8270C method described for 
determination of semivolatile organic compounds by GCMS. Before the analysis, the 
samples were centrifuged and filtered through 0.45 µm GN-6 grid membrane filter to 
obtain the clear supernatant. 100 ml of supernatant was serially extracted with 100 ml 
of methylene chloride using a separatory funnel. This extract was dried over anhydrous 
Na2SO4 and analyzed with an Agilent 6890 GCMS under following conditions -
Capillary column DB 5.625 (30 m × 250 µm × 0.25 µm) with 5%-phenyl-
methylpolysiloxane, programmed oven temperature from 35°C to 290°C at 15°C/min 
and held for 15 minutes at 290°C, and helium as the carrier gas at 1.0 mL/min. An 
Agilent 6890 gas chromatograph with an Agilent 5972A quadrupole mass 
spectrometer was used to characterize the separated compounds.  
 
3.3.2   Quantification of metabolites 
 
Identified metabolites were quantified using high performance liquid chromatography 
(HPLC). A Sample was filtered through a 0.2µm LC-13 PVDF acrodisk before 
analysis. The concentrations of metobolites and end-products were determined using a 
Shimadzu LC-6A HPLC with a UV-VIS spectrophotometric detector. The protocols 
used for 2-nitroaniline, 2-methylbenzimidazole and for o-phenylenediamine 






Table 3.7  HPLC protocol for 2-nitroaniline and 2-methylbenzimidazole 
Compounds 
tested 
2-nitroaniline and 2-methylbenzimidazole 
Column  Reverse phase Phenosphere ODS column  
(100 mm × 4.6 mm, 5µm) 
Mobile phase 30/70 acetonitrile/water with 20 mM Phosphate, pH 6.8 
Flow rate 1.0 mL/min 




Source Krol et al. (2000) 
 




Column  Reverse phase Phenosphere ODS column  
(100 mm × 4.6 mm, 5µm) 
Mobile phase 5/95 acetonitrile/water with 50 mM Phosphate, pH 7 
Flow rate 1.0 mL/min 




Source OSHA-Chemical sampling information; o-phenylenediamine 
REF: 2 (OSHA 87) 
 
 
3.4   Track Runs with Acidogenic SBR 
 
Two track runs were conducted to evaluate anSBR performance for treating 
wastewater containing 2-nitroaniline and copper. The anSBR was acclimated with            
25 mg/L of 2-nitroaniline prior to the track runs. The first track run was conducted 
 41
Chapter 3 
with a shock load of 100 mg/L 2-nitroaniline alone and the second track run was 
conducted with a shock load of 100 mg/L 2-nitroaniline and 25 mg/L copper.   
 
The parameters studied were as follows: 
• biodegradation of 2-nitroaniline  
• MLSS and MLVSS 
• dissolved COD 
• inhibition potential of influent (feed) and effluent (discharge during DECANT) 
 
3.5      ISO Inhibition Test (Aerobic Method) 
 
The potential toxicity of wastewater containing 2-nitroaniline and copper on the 
aerobic system (activated sludge process) was evaluated through their oxygen 
consumption rate measured according to the International Standards Organisation 
(ISO) “Water Quality Test for Inhibition of Oxygen Consumption by Activated 
Sludge” (ISO 8192-1986-E Method B).  
 
3.5.1    Experimental setup 
 
Figure 3.3 shows the schematic diagram of the ISO inhibition test apparatus. Prior to 
the test, a synthetic medium stock solution was prepared with constituents as shown in 































 DO recorder 
Magnetic stirrer 
Figure 3.3   Schematic diagram of ISO inhibition test apparatus assembly 
le 3.9  Constituents of the synthetic medium/stock solution 
stituent Quantity 
one  (OXOID-L85) 10 g 
st extract 11 g 
onium chloride (NH4Cl) 5.3 g 
ium chloride (NaCl) 0.7 g 
ium chloride dihydrarte (CaCl2.2H2O) 0.4 g 
nesim sulphate hepahydrate (MgSO4.7H2O) 0.2 g 
tassium hydrogen phosphate (K2HPO4) 2.8 g 
er 1,000 ml 
 Test procedure 
vated sludge for the ISO Inhibition Test was collected from the Ulu Pandan 
age Treatment Works (UPSTW). The collected sludge was left to settle and the 
rnatant  decanted. The MLSS of the settled sludge was determined and diluted 
 tap water to about 3,000 mg/L. Three test vessels were prepared each containing 
ml, 5 ml and 50 ml of 2-nitroaniline or copper. In addition, two more test vessels 
43
Chapter 3 
for physico-chemical control and another as the blank (control) were prepared using 
the mixture given in Table 3.10. The physico-chemical control was used to detect any 
abiotic oxygen consumption due to physico-chemical parameters in the absence of 
activated sludge. Each vessel was aerated for about 15 minutes and poured into a 
standard BOD bottle (300 mL capacity).    
 
The oxygen electrode was inserted into the neck of the BOD bottle and the content in 
the BOD bottle was constantly mixed using a magnetic stirrer. In this method, the 
decrease in DO concentration was recorded as a function of time.  
 
 
Table  3.10   Mixture for test materials 
 
Original concentration of reagents  
Test material stock solution 1000 mg/L 
Synthetic medium stock solution See Table 3.9 
Activated sludge 3000 mg MLSS 
Test vessel Components of mixtures 
FT1 FT2 FT3 FBlank# FPC*
Test material stock solution (ml) 0.5 5 50 0 50 
Synthetic medium stock solution (ml) 16 16 16 16 16 
Activated sludge (ml) 250 250 250 250 250 
Water (ml) 233.5 229 184 234 434 
Total volume of mixtures (ml) 500 500 500 500 500 
Concentrations in the mixtures  
Test material (mg/L) 1 10 100 0 100 
Activated sludge (mg MLSS/L) 1500 1500 1500 1500 0 









3.5.3 Computation of inhibition 
 
The inhibitory effect of 2-nitroaniline and copper on the respiration rate of the 








I        
where,  
I   = inhibition (%) 
Rb = oxygen consumption rate by the blank control, FB (mg/L⋅min) 
Rt  = oxygen consumption rate by the text mixture, FT (mg/L⋅min) 
Rpc= oxygen uptake rate by the physico-chemical control, FPC (mg/L⋅min) 
 
3.5.4   Determination of EC50 value 
 
A linear-log graph of percentage inhibition of oxygen consumption against the 
concentration of test material was plotted. The EC50 value was indicated by the 
concentration of test material which corresponded to 50% inhibition of the activated 
sludge.  
    
3.5.5  Influent and effluent inhibitions 
 
The inhibition potential of the influent and effluent at varying concentrations of 2-
nitroaniline and copper was determined as per the International Standards Organisation 
(ISO 8192-1986-E Method B) method. In each test, 50 ml of the influent (feed) and 50 
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ml of the effluent (discharge after ATA test and ANSBR) were collected to conduct 
inhibition test.  
 
3.6    Microbiological Observations 
 
The Scanning Electron Microscope (SEM) was used to examine the morphology of the 
microorganisms under different concentrations of 2-nitroaniline and copper. The 
complete experimental protocol for specimen treatment prior to SEM observation is 
described below.    
 
(a)  Filter/pre-cleaning/washing process 
 
Samples were filtered through 47 mm diameter GFC filter paper. After that, 13 mm 
diameter, 0.4 µm pore size polycarbonate (PC) filter paper was used for further 
treatment of sample. PC filter paper was placed on the filter set with the shining 
surface upward. A drop of 50% Triton X-100 (in propanol) was filtered through the PC 
filter first followed by one or several drops of the sample. During the filtration process, 
pressure was controlled by turning ON and OFF of the pump alternatively.  
 
(b)  Fixation 
 
After filtration PC filter paper soaked into 2.5% Gultaraldehyde (GA) for fixation 
purpose. The 2.5% GA was prepared by diluting 25% GA and Phosphate Buffer 
Solution (PBS). After filtration, sample was washed in PBS buffer (PH 7.4) for 5-10 
minutes at room temperature.  
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(c)  Dehydration 
Samples were dehydrated in ethanol at room temperature. The details of the sequence 
are as follows: 
   25% Ethanol----5 mins 
   50% Ethanol----5 mins 
   75% Ethanol----5 mins 
   95% Ethanol----10 mins 
  100% Ethanol---10 mins (3 changes) 
 
(d)  Critical point drying 
Specimen was inserted in the chamber and the chamber was filled by 100% ethanol. 
The draining procedure was performed automatically by the equipment. Temperature 
was kept at 9oC and Filling and draining procedure was repeated several times. Drying 
agent (liquid carbon dioxide) was added into chamber to a certain level. The sample 
was then heated to 40oC. Pressure was raised with increasing temperature until drying 
agent changed from liquid form to gaseous form. Sample was taken out when the 
pressure dropped to zero.  
 
 (e)  Gold coating and SEM observation   
 After fixation and drying, the sample was coated with a mixture of gold and palladium 
to a thickness of 25 µm using an ion sputter (Joel Fine Coat Sputter Type JFC-100). 
The sample was examined with a JOEL LSM-T330A Scanning Electron Microscope 









RESULTS AND DISCUSSIONS 
 
4.1   Acidogenic Biotreatment of Wastewater Containing 2-nitroaniline 
 
The main objective of the first part of the study was to investigate the biodegradability 
of 2-nitroaniline and its possible degradation pathway. Anaerobic Toxicity Assay 
(ATA) was performed with varying concentrations of 2-nitroaniline, and an anSBR 
track run was also conducted with 2-nitroaniline concentration at 100 mg/L. The 
experimental results are shown in Tables 4.1 to 4.3, and graphically presented in 
Figures 4.1 to 4.16. 
 
4.1.1 Biodegradation of 2-nitroaniline 
 
Removal of 2-nitroaniline was studied at concentrations of 12.5 mg/L, 25 mg/L, 50 
mg/L, 75 mg/L and 100 mg/L, and the results are presented in Figure 4.1. Removal 
efficiency was found to decrease with increasing concentrations of 2-nitroaniline. It 
was around 95% when 2-nitroaniline concentration was 12.5 mg/L but even at 100 
mg/L, the removal efficiency was around 76% (in the batch ATA test). This suggests 
the acidogenic phase can remove 2-nitroaniline effectively. Biotransformation and 
adsorption are considered to be major removal mechanisms of 2-nitroaniline in 


























 Figure 4.1   Removal efficiency of 2-nitroaniline at  
                                concentrations of 12.5~100 mg/L 
 
 
4.1.2 Biodegradation pathway of 2-nitroaniline under acidogenic conditions 
 
The GCMS analysis showed that o-phenylenediamine and 2-methylbenzimidazole 
were possible metabolic products of 2-nitroaniline under acidogenic conditions 
(Figures 4.2 and 4.3). These compounds were identified by comparing their mass 
spectral fragmentation patterns and retention times against those of standard chemicals 
(Figures 4.4 and 4.5). Figure 4.6 shows the possible degradation of 2-nitroaniline in 





























Figure 4.2  Mass spectra identification of  o-phenylenediami
































Figure 4.3  Mass spectra identification of  2-methylbenzimidazole  





























Figure 4.4   Mass spectra identification of o-phenylenediamine  






























Figure 4.5    Mass spectra identification of 2-methylbenzimidazole  





















Figure  4.6   Degradation of 2-nitroaniline and possible metabolic products in    
                    acidogenic biotreatment  
         
 
o-phenylenediamine could be a possible metabolite due to biotransformation because 
the nitro group may be transformed to an amine group under anaerobic conditions. The 
complete reduction of a single nitro group involves a six electron transfer resulting in 
the formation of an amino group. The possible biotransformation pathway is shown in 



















       
Figure  4.7   Possible biotransformation pathway for 2-nitroaniline to  
                     o-phenylenediamine 
 
2-methylbenzimidazole was the other possible metabolite of the biotransformation of 
2-nitroaniline. Based on the reactions considered in the literature for 2-nitroaniline and 
these metabolic products, the possible transformation pathways may be presented by 
Figure 4.8.  







































              
Figure  4.8   Possible transformation pathway for 2-nitroaniline to  








Possible transformation pathways of 2-nitroaniline to 2-methylbenzimidazole could 
either be pathway A or B (Figure 4.8). The formation of benzimidazoles in the 
presence of aliphatic carboxylic acids and o-phenylenediamine was reported by 
Grimmett (1997) in the synthesis of benzimidazoles under various chemically 
enhanced conditions. This transformation could also happen even at room temperature, 
but it may take longer, i.e., 5 days. In acidogenic conditions, at 35°C,                        
o-phenylenediamine could be transformed to a certain extent to 2-
methylbenzimidazole in the presence of aliphatic carboxylic acids. The possible 
pathway for this transformation is shown in Figure 4.8 (pathway A).   
 
Amines could be further biotransformed to acetanilides under anaerobic conditions 
(Hallas et al., 1983). Therefore, 2-nitroacetanilide could also be a possible metabolite 
of 2-nitroaniline under acidogenic conditions. 2-nitroacetanilide could be reduced to   
o-aminoacetanilide under acidogenic conditions (Figure 4.6..-..pathway B).                   
o-aminoacetanilide could be further transformed to 2-methylbenzimidazole in a wide 
range of conditions and the kinetics of this chemical transformation have been studied 
by Morgan and Turner (1968). This transformation could occur under pH range of 2-
12. Formation of 2-methylbenzimidazole was faster in acidic conditions than alkaline 
conditions.  
 
The intermediates such as o-aminoacetanilide and 2-nitroacetanilide could not be 
quantified in the present study. This could be due to their low concentrations compared 








The presence of these metabolic products (2-methylbenzimidazole and                        
o-phenylenediamine) was further confirmed and quantified by HPLC analysis. It is 
presumed pathway A could be the more probable one in the formation of                       
2-methylbenzimidazole (Figure 4.8). Quantifications of the metabolites were made for 
2-nitroaniline initial concentrations of 50 mg/L and 75 mg/L. The results are presented 
in Figure 4.9. Around 80% of 2-nitroaniline was recovered as metabolites. It was also 
noted o-phenylenediamine was the primary metabolite formed. The conversion of                  
o-phenylenediamine to 2-methylbenzimidazole through chemical reaction could yield 
90% (Grimmett, 1997). Whereas, bioconversion of o-phenylenediamine as obtained in 

































4.1.1 Effect of 2-nitroaniline on biogas production  
 
 
The effect of 2-nitroanline on biogas production is shown in Figure 4.10. It can be 
observed that increasing concentrations of 2-nitroaniline did not have large or sharp 
effects on biogas production. It can be seen that at 12.5 mg/L 2-nitroaniline, the biogas 
production was higher than that of the control. This indicated the possibility of a 
stimulatory effect on the acidogenic process at lower concentrations of 2-nitroaniline. 
However, when present at higher concentrations, it could be inhibitory as gas 
production did decline after 2-nitroaniline exceeded 25 mg/L. 
     
Figures 4.11 and 4.12 show the effect of increasing concentration of 2-nitroaniline on 
carbon dioxide and methane production. It was observed that at lower concentrations 
of 2-nitroaniline, carbon dioxide production was higher than the control (2-nitroaniline 
= 0 mg/L) whereas methane production was slightly lower than the control. This 










































Figure 4.10    Variation of cumulative total gas production with varying 


















































































Figure 4.11   Effect of increasing 2-nitroaniline concentration on carbon      
                                  dioxide production (control = amount of carbon dioxide produced  






























Figure 4.12   Effect of increasing 2-nitroaniline concentration on methane  
                                  Production (control = amount of methane produced at  
                       2-nitroaniline 0 mg/L) 
 





The biogas composition for the control is shown in Figure 4.13. It is noted that only a 
small amount of methane (<10%) was produced. There is a significant difference in 
biogas composition in acidogenesis compared to methanogenesis. In methanogenesis, 
the methane component could be 60~70%. When the process is primarily acidogenesis, 
the main component of the biogas produced is carbon dioxide. It is also noted that % of 
N2 is higher compared to CH4 and CO2 at the start of ATA test. This is due to flushing 
































4.1.1 Effects of 2-nitroaniline on Volatile Fatty Acids (VFAs) production 
 
Volatile Fatty Acids (VFAs) are the major products of acidogenic degradation of 
organic matter. Therefore, understanding the effects of inhibitory substances on the 
production of VFAs permits the successful control of the acidogenic biotreatment 
process. VFAs production with increasing concentrations of 2-nitroaniline is shown in 
Figures 4.14 and 4.15. It can be observed that ethanoic acid was the major VFA 
component followed by butanoic, pentanoic and propanoic acids. Higher molecular 
VFAs are converted to ethanoic acid and then to methane and carbon dioxide by 
acetoclastic microorganisms in an anaerobic system. Dinopoulou et al. (1988) had 
reported that the main product of acidogenesis was mainly ethanoic acid when easily 
biodegradable carbohydrates such as sucrose and glucose were present.  
 
ATA test results show that when the 2-nitroaniline concentration was not higher than 
25 mg/L, its effect on VFA production was not significant (Figure 4.14). However, 
when the 2-nitroaniline concentration was increased beyond 25 mg/L to 50 mg/L, the 
production of VFAs decreased significantly indicating acidogenesis had been 




















































2-nitroaniline concentration (mg/L) 
 




The effects of 2-nitroaniline on individual VFAs can be examined using the Activity 
Factor (Lin, 1992). Lin (1992) demonstrated application of the Activity Factor in the 
presence of inhibitory substances such as heavy metals. It could be calculated in 
relation to inhibitory organic substances as follows: 
 
cV
mVFactorActivity =⋅                (4.1) 
where, 
Vm = amount of VFA produced when the wastewater contained inhibitory substances        
            [2-nitroaniline  (mg/L)] 
Vc  =  amount of VFA produced when the wastewater does not  






The VFA activity factors were determined for 2-nitroaniline concentrations of 12.5 
mg/L, 25 mg/L, 50 mg/L, 75 mg/L and 100 mg/L. The relationship between the 
Activity Factor and 2-nitroaniline concentration is shown in Figure 4.15.  It can be 
seen that the activity factors for butanoic and propanoic acids were higher than that of 
the control (2-nitroaniline = 0 mg/L) and at concentrations lower than or about 25 
mg/L 2-nitroaniline. This is presumably due to stimulating of acidogens responsible 
for production of propanoic and butanoic acids at lower concentrations of 2-
nitroaniline. Similar findings were reported by Yu and Fang (2001a) indicating that 
production of propanoic acid was stimulated at lower concentrations of inhibitory 
substances such as cooper and zinc.   



































4.1.2 Comparison of influent and effluent inhibitions 
 
In the previous section it was noted that 2-nitroaniline could be transformed to o-
phenylenediamine, 2-methylbenzimidazole and other metabolites in the acidogenic 
process. Therefore, the treatment objective of the aerobic stage of the acidogenic-
aerobic process is the biodegradation of these metabolites instead of 2-nitroaniline. It is 
therefore, necessary to have a comparison between influent and effluent in terms of 
their inhibitory potential to activated sludge.  
 
Amines such as o-phenylenediamine can possibly be removed by the aerobic system as 
previous studies (Aziz et al., 1994) had revealed the biodegradability of aniline under 
aerobic conditions. The accumulation of 2-methylbenzimidazole is also noteworthy 
because biodegradation has been reported for structurally similar molecules under 
aerobic conditions (Hallas et al., 1983). These polycyclic compounds are not 
considered very toxic (Spain, 1995).   
 
The results of the inhibition test conducted on influent and effluent samples are 
presented in Table 4.1. Inhibition tests were conducted at influent 2-nitroaniline 
concentrations of 12.5mg/L, 25 mg/L, 50 mg/L, 75 mg/L  and 100 mg/L. It can be seen 
that there is a significant reduction in the inhibitory potential of the effluent compared 
to that of the influent. It is also noted that the differences in influent and effluent 
inhibitions at 50 mg/L and 75 mg/L were small. This could be due to an experimental 
error during the inhibition test. It is presumed that this reduction and trend in inhibition 
is due to the conversion of the potentially inhibitory organic substances present in the 





Table  4.1   Comparison of influent and effluent inhibitions at different 2-nitroaniline  
                   concentrations  



















  12.5 0.45 0.51 19.64   8.93 
25 0.21 0.34 62.50 39.29 
50 0.16 0.32 71.43 42.86 
75 0.15 0.30 73.21 46.43 
100 0.10 0.27 82.14 51.79 
 
Respiration rate for the control = 0.56 mg/L·min   
 
 
4.1.3 anSBR Track Run with 2-nitroaniline 
 
The anSBR was acclimated with 25 mg/L 2-nitroaniline and this was followed by a 
track run. When the system was at steady-state following acclimation, the track run 
was conducted with a shock load of 100 mg/L 2-nitroaniline. Removal efficiency was 
found to be around 90% in the anSBR trial run. The experimental results are presented 
in Figure 4.16. Figure 4.17 shows the variation of MLVSS and MLSS during REACT 
of anSBR track run. Both MLVSS and MLSS increased gradually within the first 90 
minutes and decreased slowly towards the end of REACT. This variation is similar to 
the typical microbial growth phases in a batch reactor which consists of a lag phase, 
exponential growth phase and endogenous phase. Results show that even at 100 mg/L 
2-nitroaniline concentration, the effect on microbial metabolism was not significant. 
This suggested that when the system is stabilized, it could accommodate a shock load 
















































Figure 4.17   Variation of MLVSS and MLSS during REACT in anSBR cycle 
 
 

























Table 4.2 shows the reduction in dissolved COD in the acidogenic reactor. The 
reduction in dissolved COD was around 11%. This reduction could account for 
generation and loss of gases, biomass and heat in the acidogenic system. Table 4.3 
shows the influent and effluent inhibition test results. Reduction in inhibition indicates 
that transformation of potentially inhibitory compounds in the influent to less 
inhibitory forms even at a shock load of 100 mg/L 2-nitroaniline. The reduction in 
inhibition and respiration rates reported in Tables 4.1 and 4.3 are different. This could 
be due to the different experimental conditions and particularly the acclimated biomass 
used in the anSBR inhibition test (Table 4.3). 
 
Table 4.2   Reduction in dissolved COD in the acidogenic reactor 
Dissolved COD at start  
(mg/L) 





7734 6831 11.68 % 
 
 
Table 4.3   Inhibition test results (2-nitroaniline = 100 mg/L)  
 Respiration rate (mg/L·min) 
Inhibition 
(%) 
Blank 0.54 0 
Influent 0.43 20.37 



















4.2   Acidogenic Biotreatment of Wastewater Containing  
        2-nitroaniline and copper 
  
The main objective of this part of study was to investigate the effects of copper on 
acidogenic biotreatment of a wastewater containing 2-nitroaniline. Anaerobic Toxicity 
Assay (ATA) was performed with doses of copper at 12.5 mg/L, 25 mg/L, 37.5 mg/L, 
50 mg/L and 62.5 mg/L while keeping 2-nitroaniline concentration at 100 mg/L. An 
anSBR track run was also conducted with 100 mg/L of 2-nitroaniline and 25 mg/L of 
copper. The results of this part of experiments are shown in Tables 4.4 to 4.6 and 
graphically presented in Figures 4.18 to 4.26.  
 
4.2.1    Effects of copper on volatile fatty acids production 
 
Figure 4.18 illustrates the VFAs production with increasing copper concentrations. 
VFAs are the major products of acidogenic biodegradation of organic matter. Thus, the 
effects due to copper can be quantified by investigating the production of VFAs. It can 
be observed from Figure 4.18 that with increasing copper concentrations, VFAs 
(ethanoic acid, propanoic acid, butanoic acid and pentanoic acid) were adversely 
affected. Possible reasons for suppression of VFAs production could be due to enzyme 
structure and activities disruption (Yu et al., 2001b). The extent of inhibition on VFA 
production can be assessed using an Activity Factor (Lin, 1992). The VFA production 
activity (Av) is defined as the fraction of VFA produced at the end of react when 










The Activity Factor could be calculated as follows: 
 
                (4.2) 
where, 
Vm = amount of VFA produced when the wastewater contains heavy metals (mg/L) 
Vc  =  amount of VFA produced when the wastewater does not  
contain heavy metals (mg/L)  
 
The VFA activity factors were determined for copper concentrations of 12.5 mg/L, 25 
mg/L, 37.5 mg/L, 50 mg/L, and 62.5 mg/L. The relationship between Activity Factor 
















































Propanoic acid was the most severely affected, followed by pentanoic acid, butanoic 
acid and ethanoic acid. Yenigun et al. (1996) reported similar findings of propanoic 
acid being the most inhibited among the VFAs during acidogenesis when copper was 
present. This result agrees with studies which reported that acidogens are more 























Figure 4.19  Relationship between VFA production activity and copper concentration 
 
 
The Activity Factor for production of total VFAs can also be calculated using equation 
4.2 and this was done to compare the effect of 2-nitroaniline and copper on 
acidogenesis. A 50% reduction in VFAs (i.e., Activity Factor of 0.5) indicates that 
bacterial activity in acidogenesis decreased by 50% and that it would be difficult to 
recover the system if bacterial activity decreased further. Variation of the Activity 
Factor with increasing 2-nitroaniline and copper concentrations is presented in Tables 
4.4 and 4.5. Table 4.5 indicates that the presence of copper significantly lowered the 





concentration was around 100 mg/L. The same Activity Factor of 0.5 was observed for 
copper when the concentration was only around 25 mg/L. This indicates that acidogens 
have a higher resistance to inhibitory organic substances such as 2-nitroaniline 
compared to heavy metals such as copper. 
 
Table 4.4    Variation of Activity Factor with increasing 2-nitroaniline  





0 12.5 25 50 75 100 
Activity 
Factor 1 1.01 1.02 0.74 0.58 0.43 
 
Table  4.5   Variation of Activity Factor with increasing copper concentration  




















Factor 1 0.60 0.42 0.33 0.24 0.21 
 
 
4.2.2 Effect of copper on biogas production 
 
Figure 4.20 shows the cumulative total gas production against time of react for 
different concentrations of copper. The inhibitory effects of copper on acidogenesis 
were observed by comparing the results with a control (copper = 0 mg/L). It was noted 
that with increasing copper concentrations, the cumulative total gas production 
decreased. The percentage reduction in biogas production was observed to be around 


















       Figure 4.20    Effects of copper on cumulative total gas production 
   
The suppression of biogas production is also directly related to the relative gasification 
activity. The relative gasification activity could be calculated as follows: 
 A = v/V        (4.3) 
where, 
A = relative gasification activity 
v = total volume of gas produced when the wastewater contains heavy metals (mL) 
V = total volume of gas produced when the wastewater does not contain heavy metals   
       (mL)  
 
Figure 4.21 shows the relative gasification activities for each copper concentration 
with time. With increasing copper concentrations, the relative gasification activity 
varied with declining trend. For copper concentrations of 12.5 mg/L, 25 mg/L, 37.5 




























2-nitroaniline 100 mg/L Cu 12.5 mg/L
2-nitroaniline 100 mg/L Cu  25 mg/L
2-nitroaniline 100 mg/L Cu 37.5 mg/L
2-nitroaniline 100 mg/L Cu  50 mg/L





0.91, 0.83. 0.65, 0.51, and 0.35 respectively. The increasing dosage of copper increases 
the suppression of biogas production probably due to retarded microbial activities. It 
was also noted that a fluctuation occurred in biogas production at the start of the ATA 
test. This could be due the unsteady start of the experiment before it came to the 

























2-nitroaniline 100 mg/L Cu 12.5 mg/L
2-nitroaniline 100 mg/L Cu 25 mg/L
2-nitroaniline 100 mg/L Cu 37.5 mg/L
2-nitroaniline 100 mg/L Cu 50 mg/L
2-nitroaniline 100 mg/L Cu 62.5 mg/L
 
                   Figure 4.21   Relative gasification activities with time 
 
Figure 4.22 shows the effect of increasing copper concentration on carbon dioxide 
production. As the concentration of copper increased, the production of carbon dioxide 
decreased. It was also noted that very small amounts of methane was produced 


































 Figure 4.22 Effect of increasing concentration of copper on carbon dioxide 
production (control = amount of carbon dioxide  





4.2.3 Effects of copper on biodegradation of 2-nitroaniline 
 
Removal efficiency of 2-nitroaniline in the presence of increasing copper 
concentrations is shown in Figure 4.23. Removal efficiencies were around 79%, 76%, 
65%, 33%, 18%, and 9% at varying copper concentrations of 0 mg/L, 12.5 mg/L, 25 
mg/L, 37.5 mg/L, 50 mg/L and 62.5 mg/L. Removal efficiency decreased significantly 
when copper concentration was increased beyond 25 mg/L. Nicotinamide adenine 
dinucleotide (NAD) is the key electron carrier, which serves to transfer electrons from 
the compound being oxidized (e.g. sucrose) to an electron acceptor (e.g. 2-nitroaniline) 
in the fermentation reactions (Bagley and Brodkorb, 1999). A decrease of sucrose 
degradation could have indirectly affected the degradation of 2-nitroaniline. 
Suppression of VFAs production and decrease in biogas production indicated that 
















      Figure 4.23   Biodegradation of 2-nitroaniline with varying copper concentrations 
 
4.2.4    Influent and effluent Inhibitions 
 
The results of the inhibition test conducted on influent and effluent samples are 
presented in Tables 4.6. The reduction in inhibition could be due to the adsorption of 
potentially inhibitory organic substances present in wastewater to the biomass followed 





































Table  4.6   Comparison of influent and effluent inhibitions at different copper    




















0 0.62 0.68 12.68 4.22 
  12.5 0.52 0.63 26.76 11.27 
25 0.49 0.58 30.99 18.31 
37.5 0.42 0.53 40.84 25.35 
50 0.23 0.41 67.61 42.25 
62.5 0.10 0.24 85.92 66.20 
 




4.2.5 anSBR Track Run with 2-nitroaniline and copper 
 
 
The anSBR was acclimated with 25 mg/L 2-nitroaniline and this was followed by a 
track run. When the system was at steady-state following acclimation, the track run 
was conducted with a shock load of 100 mg/L 2-nitroaniline and 25 mg/L copper. The 
experimental results are presented in Figure 4.24. The results indicate that removal 
efficiency of 2-nitroaniline was around 78% in the presence of copper whereas the 





































2-nitroaniline = 100 mg/L and Cu = 25 mg/L
 Figure 4.24   Biodegradation of 2-nitroaniline during REACT in anSBR cycle  
 
The variation of MLVSS and MLSS during REACT of an anSBR cycle in the presence 
of copper is presented in Figure 4.25. It shows that MLVSS and MLSS decrease 
throughout the REACT. This behaviour might be due to the inhibitory effect of copper 
on the reproductive processes of microorganisms during the acidogenesis. Figure 4.23 
shows that the difference between MLVSS and MLSS increases throughout the 
REACT. This could be due to the accumulation of inorganic substances in the 























Figure 4.25   Variation of MLSS and MLVSS during REACT in anSBR cycle  
 
 
Table 4.7 shows the reduction in dissolved COD in the acidogenic reactor. The COD 
removal efficiency would give an indication of the performance of the system. 
However, it was observed that reduction in dissolved COD in the acidogenic reactor 
was around 7%. This could be expected because the main function of acidogenic phase 
is to convert potentially inhibitory compounds to less inhibitory forms and not to 
reduce carbon content.  
 
The results of the inhibition test conducted on influent and effluent samples are 
presented in Table 4.8. There was a reduction in inhibition from influent to effluent 




























 Table 4.7   Reduction in dissolved COD in the Acidogenic reactor  
                   (2-nitroaniline = 100 mg/L, Cu 25 = mg/L) 
 
Dissolved COD at 
start  
(mg/L) 





8026 7435 7.36 % 
 
 
Table 4.8   Inhibition test results for Track Run 2  
                  (2-nitroaniline = 100 mg/L, Cu = 25 mg/L)  
 
 Respiration rate (mg/L·min) 
Inhibition 
(%) 
Blank 0.57 0 
Influent 0.37 35.09 




4.3   Determination of EC50 values of 2-nitroaniline and copper in aerobic system  
  
The inhibitory effects of 2-nitroaniline and copper on aerobic system were examined 
because these compounds would not be removed totally by acidogenic pretreatment 
process. The inhibition was calculated according to the procedure specified by ISO 
8192-1986(E) Method B, and plotted in Figure 4.26. The EC50 values for 2-nitroaniline 
and cooper were found to be around 60 mg/L and 30 mg/L respectively. It was found 
that at lower concentration (Cu<10 mg/L), copper was less inhibitory than 2-
nitroaniline. This could be due to the stimulatory effect of copper on microbial growth. 
Lower copper concentrations might also act as a component or an activator of enzymes 
in the microorganisms. However, at higher concentrations, copper was found more 






















Figure  4.26   Inhibition at different concentrations of 
                          2-nitroaniline and copper 
 
 
4.4    SEM Observations of Microorganisms 
 
 
The SEM observations were carried out to examine the morphology of microbial 
populations in the acidogenic reactor. Plate 4.1 shows the microbial populations 
consisting of rods, rod chains and some cocci in the acidogenic enriched culture and in 
the absence of 2-nitroaniline and copper. Saha (1998) also reported that the microbial 
consortium in the acidogenic reactor was predominantly rod shaped bacilli with some 
cocci. Morphological characteristics of microorganisms exposed to 100 mg/L of 2-
nitroaniline, 25 mg/L of copper and a combination consisting of 100 mg/L of 2-
nitroaniline and 25 mg/L of copper in the acidogenic reactor are shown in Plates 4.2, 
4.3 and 4.4 respectively. In all three cases (Plates 4.2, 4.3 and 4.4), some debris was 
observed, but there was virtually no significant change in the morphological 





identifiable morphological changes were observed, the trend of increasing debris 




Plate 4.1   SEM photo photograph showing microbial populations in acidogenic  





Plate 4.2   SEM photograph showing microbial populations exposed to  










Plate 4.3   SEM photograph showing microbial populations exposed to  







Plate 4.4   SEM photograph showing microbial populations exposed to  
2-nitroaniline concentration 100 mg/L and  







SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
 
5.1 Summary  
 
1.  Removal efficiency of 2-nitroaniline was around 95% when 2-nitroaniline 
concentration was 12.5 mg/L in the batch ATA test.  
 
2. 2-nitroaniline was primarily converted to two metabolites which were 
identified as o-phenylenediamine and 2-methylbenzamidizole. Around 80% of                         
2-nitroaniline was converted to these metabolites. 
 
3. Presence of copper in wastewater containing 2-nitroaniline was found to exert 
inhibitory effect on the acidogenic process. 
 
4. Increasing copper concentrations resulted in lower removal of 2-nitroaniline. 
Removal efficiencies were around 79%, 76%, 65%, 33%, 18%, and 9% at 
copper concentrations of 0 mg/L, 12.5 mg/L, 25 mg/L, 37.5 mg/L, 50 mg/L 
and 62.5 mg/L respectively in the batch ATA test. 
 
5. Production of VFAs (ethanoic acid, propanoic acid, butanoic acid and 
pentanoic acid) was adversely affected with increasing copper concentrations. 







1. 2-nitroaniline could be effectively removed by acidogenic process. In the 
acidogenic process, 2-nitroaniline was converted to o-phenylenediamine and 
2-methylbenzimidazole. As these metabolites are less inhibitory to aerobic 
process (as compared to 2-nitroaniline), the acidogenic process could be 
considered a possible pretreatment process to aerobic systems such as 
activated sludge process. 
 
2. The acidogenic process could be an attractive alternative for upgrading present 
aerobic treatment processes which are not effective at removing persistent 
organic compounds present in complex industrial wastewaters. 
 
3. Copper has a larger inhibition potential than 2-nitroaniline. Therefore treating 
wastewater containing both 2-nitroaniline and copper would be more difficult 












5.3   Recommendations 
 
1. Impacts of heavy metals on acidogenic biotreatment of wastewater should be 
further investigated. Presence of heavy metals may lead to acidogenic process 
failure which could further affect its downstream aerobic treatment. Further 
investigations should, therefore, be conducted to develop more tolerant 
acidogenic systems in presence of heavy metals.   
 
2. In the acidogenic process, different groups of microorganisms are involved in 
the degradation of organics. Identification of these groups in acidogenic 
consortia should be investigated for better understanding of their 
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